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ABSTRACT 

Annual e n e r gy us e for r es idential space h e ating was 8 . 6 Qua ds in 1 9 75 . 
This account e d for over 50% of the en e r gy us e d in t he r e sid e ntia l sec tor 
a nd 12% of e n ergy u sed i n t he U. S . tha t year. Be c a use r e sid e n t ial space 
heat i ng accoun t s fo r such a large s ha r e of ene rgy us e , improv eme nt s in n ew 
space hea ting sys t ems could have s i gnif i cant lon g- term c onservat i on e ff ec t s . 

Sev era l e n ergy- savin g design ch a n ge s i n re s i d ential s pace h e a tin g 
sys t ems are examine d t o de t e r min e t he i r ene rgy conserva tion poten tia l and 
cos t effec t iveness . Bot h c ha n ges in co nventiona l and a dva n ced s y st e ms a r e 
cons idered. Conven t ional de s i gn chan ges includ e option s s uch a s th e flue 
damp e r , s ealed comb ustion, elec t r i c igni t ion and improved hea t e xchan ger s . 
Some of the advan ced des ign~ inc lude t h e gas h ea t pump , puls e c omb u s tion 
fu r nace , and dua l sp e ed compressor hea t pump . Th e ene r gy use a nd cost 
e stima t e s a r e d evelop e d from current lit e ratur e , h eatin g a nd e quipme nt 
manufacturer s and d eale rs , and discussio ns with individ ua l s do in g r esea r c h 
a nd t es t ing on residential space hea t i n g e qui pment . 

Re sult s indicate that i mpl ementat i on of convention a l design chan ges 
can r e duc e e n e r gy use of repr esentative gas, o il, and e l ec tri c space 
heatin g s ys t e ms b y 26 , 20 , a n d 5 7%, r espec tive l y . These cha n ges increase 
the capit a l c ost of th e s y stems b y 27, 16, a nd 26% . Avan ced gas a n d 
e l e ctric spa ce h eating syst ems can r e du ce e ne r gy use 45 a nd 67 % r espec tive l y . 
Ho we ve r , th e a dvan ced syste ms c ost 80 a nd 35 % mo r e than r e pr esent a tive 
gas and electr ic systems . 

* Resea rch spons ore d by the En e rgy Informatio n Adminis tra tion u nci th e 
Of f i ce of Co n serva tion a nd So lar Applica tions , U. S . De pa r t me nt of Ene r gy 
und e r contrac t W- 74 05 - e ng- 26 with the Union Carbid e Co r pora t ion. 
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INTRODUCTION 

From 1960 to 1975, energy~use for residential 
space heating gre~' from 5.1 EJ to 9.1 EJ (1 ,2). 
The energy used for space heating accounted for over 
half the total energy used in the residential sector 
during this time. Because space heating accounts for 
such a large· share of residential energy use, · 
improvements in ne1·1 space heating systems could have 
significant long-term energy conservation effects. · 

The HVAC (Heating, Ventilating and Air­
Conditioning) industry is currently developing and 
marketing more efficient· gas, oil, and electric 
·space heating systems that use less energy than 
systems currently in use. Some of the new systems 
incorporate conventional design changes (such as the 
flue da~per or electric ignition for ~as furnaces), 
while others are advanced technology systems (such 
as the gas heat pump and the ACES [Annual Cycle 
Energy System]). This paper examines the enerqy 
saving and increased capital cost expected with 
these more efficient sys te1~s (both convention a 1 and 
advanced) compared to representative systems 
currently {n use (3). 

The potential impact these more efficient 
systems might have in reducing growth of residential 
energy use is also examined. The energy and cost· 
estimates are used as inputs to the Oak Ridge 
National Laboratory (ORi·IL) engineet·ing-economic 
model of residential energy use (4). Estimates of 
the savings in residential energy use to the year 
2000 are provided by the model. 

.!·IAP.KET TREIIDS 

Table 1 shows a breakdown of the eight·most· 
common heating systems in existing single-family 
residences for the years 1970, 1973, 1974, and 
197.5 (5). For both aas and oil, the central forced­
air system v/aS the most common system for each Of 
the "four years. The forced-air central fumace 1·1as 
chosen as the representative system for analysis of 
gas and oil heating. · 

Built-in el~ctric systems (which include base­
board and ceiling Cilble) •:~ere the most common 
electt·ic s:stems in existing homes from 1970 to 
1975. l!o\·lever. the number of homes heated \·lith 
centr~l electric funaces increased by 255~ during 
this time compared to 50. for built-in electric 
systems. In 1975, electric furnaces accounted for 
sz· 'of new electrically heated residences compared 
to 26'' ·for built-in systems (6,7.8). Because of its 
rapid qrowth and large share of the electric hratinq 
mat·ket in retent years, the central forced-air 

ftlrl~ce was chosen as the repr·esentati~e elec~:-~c 
heatin9 system. 

GAS SYSTHIS 

The annual energy requirements and capitJI 
costs of several advanced qas heatina s~stews ~nd 
energy conservin1 design o~tions for"a ~eores~nt­
ative gas furnace are examined in this secticn. 
The energy usage data w~re ~eveloped fro~ rec~nt 
literature, (9-14) while cost data were obtai0ed 
from manufacturers and dealers of gas heatins 
equipment and available literature (9,14). C:~plete 
details are given in ref. 3. 

The reported energy saving (and ca~ital cost) 
of each of the energy conserving design options 
varied widely in the above references. (See :Jef. 3 
for a full list of reported ranges in energy 
savings and capital cost increases for t~e desi?n 
options.) 

The base house used in this analysis is 
located in Philadelphia. It has a desicn heacinc 

·load of 43 MJ/hr and an annual heatino ioad of ~~.3 
GJ. The base furnace is ~n atmospherlc unit, 
located wi:hin the conditione1 space and double 
oversized. Reference 15 s~ggests that ~ouble 
oversizing of residential gas furnace; is "t:;pical" 
oractice. Characteristics of the reference cas 
heating system are listed in Table 2. -

Seasonal perf6rmance factors (SPF) from 
available literature are averaaed to determi~e the 
SPF and annual energy consurnotlon for oartic~:~r 
energy conservation design options. 13~e Ao:e-dix 
for SPF& and details on calculations.· ~Jr = 
heating system, the SPF is efined as: 

SPF = Annual heat enerc; orovide1 bv :ne svs:~­
Annual fuel energy used by the ·system 

Total energy used by the system includes the fuel 
used for heating plus auxiliary ener?Y such ~s 
electricity used for air distribution. 

Energy savings and installed cost increases 
are evaluated for several energy saving desi~n 
modifications to the base furnace (see Fig. 1 ;. 
These include: 

!:.!:Qp~l~~ si zino the unit - \·lith the ref~rence 
furnace properly sized, the calculated annual 
energy saving is 4.2 ~J {10.12). For a natural aas 
price of 51.73 per ~J (the 1975 n~tional aver~ae 
nrice), the ilnnual savinn is ~6.70. 7he s~virq in 
c~pitai cost with the pr~pe-lv sizerl u~it is ~150. 

!•djustin'l t;he ~·n;met '.'•e,·mostat :o 2.P.0 C: 
a b?_'te ro·opl--te~::~~·r·a-i.~ (-6- -~- J2·s· ·r~·;r-·nac·es·· Fd:_,-e--a-

A he~tina syste·~ is n:·onerly sized ~he,, its 
output :1;ttr:hes the rlesiqr. r.eatino lo~d of t~~ ··o.1se. 
A r:oublr: over·size~ s:1stom '1'!' ·J ,·,:t~ ·;ut:;;Jt ·· .. ic" 
the desinn heatina load of ~-0 hous.,. 

* Research sponsor<:d hy the Energy Information Administration and the Office oF Cons~r~aticn Jnd ~Jlar 
;inplications. U. S. D<:pMt.ment of Ener']y under contt·act \·J-7405-enCJ-26 '.'lith ~he U!lion ~o:bide CorDrJr.;t:on 

'·1 EJ = 1018J. 
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thermostat that senses the bonnet air temperature 
and controls when the circulatinq air fan comes on 
and off. · Typical6Y· the fan is set to0co111e on 
between 52 and 60 C and turn off at 3R C (10). 
Adjust~ng the thermostat so the fan comes on and off 
at 2.8 C above room temperature reduces annual 
energy use by 5.5 GJ, decreases fuel cost by 59, and 
incurs no increase in capital cost (10,12,14). 

Installing an automatic flue damper- During 
the off cycle, heat escapes up the flue of the 
standard atmospheric combustion furnace. An auto­
matic flue damper closes the flue during. the off 
cycle to prevent heat from escaping. Adding a flue 
damper to a furnace increases the installed cost 
585. The calculated annual .energy reduction is 10.3 
GJ; this yields an annual saving in fuel cost of 517 
and a payback period of 5 yea~s (11 ,12,14). 

Installing 5.1 em of fiberglass duct insulation 
instead of 2.5 em- rnstalling 5.1 em of insulation 
adds SZO. to the capital cost, decreases annual 
energy use 2.2 GJ and saves 53.50 in fuel costs. 
The payback period is 5 years. · 

Switching to a sealed combustion unit -A 
scaled combustion furnace has its combustion chamber 
separated from the conditioned air in the house. 
Its combustion air is drawn directly from the out­
side and. in many cases, is preheated by the hot 
combustion products in the flue. A sealed combus­
tion unit costs about 5140 more than a comparable 
atmospheric combustion unit. The annual fuel and 
cost savings are 11.5 GJ and 518, respectively (10, 
11,12,14). 

Increasinq the steady state efficiency to 84~ -
The theoretical upper limit of the steady state 
efficiency before water starts to condense on the 
heat exchanger or flue is about 84% (12). 

To approach this limit, several furnace modi­
fications must be made: redesigning the heat 
exchanger, constructing the heat exchanger from rust 
resistant o.aterials such as aluminized steel, and· 
~dding an induced draft fan "(12,14). The cost of 
the unit increases 5115. The calculated annual 
enerqy and cost savings are 14.7 CJ and $24, respec­
tively. The payback period is 5 years. 

Installina electric ignition- The pilot light 
in the base furnace operates continuously. When the 
circulating fan (blower) is not in operation, the 
pilot heat is not delivered to the living area. The 
calculated energy loss is 4.2 GJ/yr (10,11,12,lll). 
With electric ignition, this loss is eliminated. 
This adds 590 to the cost of the furnace and reduces 
annual fuel costs S6. 70. The payback period is 13 
years. 

1\dviln!=euas he_a_t_~_n_9_21stems - There are 
several advanced gas heating systems being develooed 
for residential applications. These include organic 
fluid absorption heat pumps, Stirling/Rankine heat 
pumps, and pulse combustion furnaces. References 9, 
14, and 16 give descrfptions of these systems. 

The projected heating SPFs for the three 
systems are given in Table 3 (9). 

Only price esti!:Jates for the orsanic fl:J;: 
absorption heat pump were available. 7he heat 
pump" ~sed with the base house has an estimated 
installed cost of S3540 (9). 

OIL 5Y5TEI·!S 

The energy use estimates for the oi 1 fur~cce 
are developed from refs. 9, 12, 14, 15, and 17. 
Cost data are obtained from manufacturers and 
dealers of oil heating equipment. The same r.oJse 
and v1eather conditions used for the gas furnace a-r-e 
also used for the oil furnace analysis. T~e 
furnace is located within the conditioned space and 
do~ble oversized. The characteristics of the ~ase 
oil heating system are_ listed in Table 4. 

Energy savings and installed cost increases 
are evaluated for the same design options listed 
for the gas furnace with the exception of electric 
ignition. Oil furnaces already come equippea with 
electric ignitors .. 

The effect of design changes to the base 
furnace is shown in Fig. 5. The energy conserva­
tion ootential for the oil furnace is s;naller ~han 
Lhe ·gas furnace. The energy use of the furnace: c~n 
be decreased 20~ for an added capital cost of 3290, 
with a payback period of 7 years. 

ELECTRICAL SYSTEMS 

The energy use and cost data for electrical 
heating systems are developed from refs. g and 18. 
The base house used for gas and oil systems is also 
used to evaluate the effects of conservation 
options for electrical heating systems. Ho1·1e·:er, 
the house is placed in two cities - Cle~eland and 
Atlanta. The t1·10 cities are used to provide 
sufficient climatic variation to evaluate annual 
heat pump performance, which is very cli~ate ~e~end­
ent. The characteristics of the base house ~~~ the 
t1·10 cities are 1 is ted i·n Table 5 (9'. " cental, 
forced-air electric furnace was used as the refer­
ence heating system. The base furnace in the 
Cleveland ~ouse is rated at S5.4 ~J/hr,· while the 

. one in the Atlanta house is rated at 38.2 MJ/hr (9}. 

The installed costs· of the central electric 
furnaces (plus air conditioning) are 52800 and 
52490 for Cleveland and Atlanta, respectively ~9). 
The duct•.-1ork and duct insulation, and their ?.ssoci­
ated orices are the same as those used previously. 
The electricity price is $0.032 per kWhr (1975 
national average). 

Conventional heat pumps use less energy ~ran 
the base heating system. Even a representative 
1975 heat pump with a coefficient of ~erfor~ance 

.. 
Because the gas heat pu~o provldes both cool­

inn and heatino, while aas furnaces provided onlv 
he;tina. the p~ice of t~e heat pumo was adjus:e~· to 
account for its cooling capabilities. The price of 
a central air conditioninq ~ystem (51200) was i•~­
tr~cled frnn thr. oricr. of t.he or-n~nic fluid absorp­
tion heat pw~1. ~his yielded a price of S23~0 for 

·the heat ou~r for co~oarison with the furnaces. 

All electrical enerQv fi~ures in this s2ction 
are end use enerny: 
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(~OP)* of 1.6 at -8°C and 2.6 at 8°C ambient 
t~mperature has a seasonal performance factor of 
1.68 and 1.97 in Cleveland and Atlanta, respectively 
(9). For Cleveland, this yields reduction of 
S250 'in annual fuel bills over the central electric 
furnace. For Atlanta, a 5130 reduction is calculated. 
The payback period is one year in Cleveland and two 
years in Atlanta. 

The energy conserving options are from refs. 9 
and 18. The options from ref. 9 are heat pump 
designs already on the ~rket (labeled as "high 
efficiency" heat pumps). * 

Various optimized heat pump designs are con­
sidered in ref. 18 using a heat pump computer 
simulation program. The primary changes in compon­
ent desiqn deal with the compressor: placing the 
compressor· indoors, using a t~>to speed compressor 
motor, and using two equally sized compressors. 

·The heat pump systems are optimized for these three 
design changes at different design (or balance) 
temperatures.t Other design changes in the optimi­
zation included: indoor and outdoor coil effective 
size and air flow· rates, fin spacing, number of 
rows of tubes, fraction of indoor coil devoted to 
liquid subcooling, and indoor duct system effective 

. size. 

By placing the heat pump compressor indoors, 
heat loss from the compressor shell is utilized 
inside the house. This modification can provide a 
gain of up to 20 percent in capacity and COP (1~). 
Using either a two speed compressor motor or tvto . 
equally-sized compressors allows the heat pump to 
better match the heating load, thus reducing the 
on-off cycling at lower heating loads and saving 
energy. 

The annual energy use and capital cost of the 
energy conservati~n design options for electric 
heating systems are shown in Figs. 3 and .4 for 
Cleveland and Atlanta, respectively. Even though 
the percentage energy saved for a particular option 
is larger in Atlanta than Cleveland, the energy 
saved is larger in Cleveland because of~the larger 
heating load and longer heating season.: The 
payback period for a particular design option is 
also shorter in Cleveland than in Atlanta. 

*coefficient of performance is defined us (19): 
COP = Heat del ivered..J21 the heat pur.n:.:.~P:...,...._:__ 

Electric energy used by the heat pump 
** Very 1 i ttle infonnation l'tas given in ref. 9 

on the physical characteristics of the "high effi­
ciency", I, I I, and l I I heat pumps. 

13alance temper~ature is the ternperature belo1·t 
which resistance heating is first needed to augment 
the h~a t pump. · 

=No SPFs for the advanced systems in Atlanta 
were available since ref. 18 considered only heat 
pump performilnce in rlorthern clirnates (Cleveland). 
To estimate SPFs of the ilclvclnced systems in .\tlanta. 
SPF improvement information l·tas adapted fron1 ref. 
~- The ilverage impro~ement in seasonal performilnce 
for the conventional heat pumps in moving from 
Cleveland to Atlanta was first calculated. This 
i•;mrovernent 1·1a s 18 ·. Each of the seasona 1 perfon:t­
ance factors of the advanced heat pwnps were lhen 
incrrased by this same amount to obtain .1n estimate 
nf• thc·ir· SPF values in 1\tlanla. 

:'IAT!Oi/AL I:·iPJlCTS OF !:·!PROVED SPACE 1'::.-'II.':G SYS~C:.'·lS 

The ORNL ·residential ~nergy use sirulation 
•nodel (4) is used to evaluate the effects on 
national energy use and household econo~ics of 
adopttng combinations of the previously ~iscussed 
space heating design options. Three cases are run 
1~ith the simulation. model. In the first (baseline), 
the market for purchasing new heating systems is 
allowed to operate under free market conditions and 
improvements in conventional systems are avail~ble 
during the projection period ( 1977-2000). The 
input data for this case are developed from the 
energy use versus capital cost curves for improve­
ments in conventional heating systems (Figs. 1-4). 
For the baseline, space heating energy grows from 
8.9 EJ per year in 1977 to 12.5 EJ per year in 
2:100, an ilverage grO\·tth of 1.:3'/year. 

The second case assumes ~hat advanced he~ting 
systems become available to consumers in 1980, 
These advanced systems include gas heat ~~mos and 
advanced electric heat pumps. Soace ~eating energy 
use grows at an average annual rate of 1 .6:. ~he 
cumulative ener~y use (1977-2000) is 3.9 EJ below 
the baseline (see Table 6). The net economic 
benefit is S3.4 billion.* 

The third case is the same as t~~ second case 
except it assumes consumers ~inimize life-cycle 
costs when purchasing new heating sys~e~s be2inning 
in 1980 ... (The orevious cases assume consu~ers 
l't.Ould respond to. fuel and capital COSt increaSeS as 
they have in the past under free market condi:~ons.) 
The average annual space heating energy growth rate 
is cut to 1 .1~. The resulting econo~ic benef~: to 
consumers from purchasing eq~io~ent on a life ~;cle 
cost basis·is 53.7 billion for the 1977-2000 r.eriod. 

The ratio of economic benefits (reduced fuel 
bills) to economic costs (hi~her eauip~ent costs) 
for cases 2 and 3 are 9.5 and 1.5, resoectivelv. 
These results indicate that improve~en~s in s;~ce 
heating performance can yield large energy an~ 
econo1~ic benefits to the nation. 

CONCLUSIOfl 

Jl. variety of technological i,..prO'.'em<:nts ::re 
available to reduce energy use in residential sJace 
heating systens. The ener~y saving ~ossible 
through implementation of these imorovements ~s 
surprisingly larqe (over so· on so~e systems). At 
today's fuel prices, many of these ~esign channes 
are cost effective with payb~ck periods less than 
five years. As fuel rrices increase, tr.e economic 
c1ttructiveness of these changes ·.-li 11 increase. 

The results presented susgest that these 
technological in!1mvements can ootent'a lly red~ce 
qro~th of residential space heating eGergy use to 
1.0 per year compared to t~e historical 4 oer 
year from 1950 to 1973. 

----:;;;---
Present v:orth ,lt :'. ,.,,,1 intr.r•Jst r·ilt;·. 

Life-cycle cost is ~efincd as ~he sum of t~e 
capital cost of the hea~in1 s:;st-:m p~:1s the oresent 
worth of yearly operatinq costs disc~~nted at 3 . 
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Fig. 4. Annual space heating energy u~e vs 
installed cost for design changes in an electric 
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